Purpose: To evaluate the effect on charge collection in the ionization chamber (IC) in proton pencil beam scanning (PBS), where the local dose rate may exceed the dose rates encountered in conventional MV therapy by up to three orders of magnitude.
INTRODUCTION
Accurate determination of absorbed dose is essential in radiation therapy. In the process of calibrating the beam output or when verifying the dose delivered to the patient, various correction factors need to be applied to the readout of an ionization chamber (IC) in order to achieve clinically relevant accuracy of measuring and determining absorbed dose. The IAEA TRS-398 protocol 1 is widely used for dose determination in external radiation therapy. In this protocol, several correction factors to IC readout are defined, including the ion recombination factor k s which corrects for the effect of incomplete collection of the charge induced in the IC due to ion recombination in the gas cavity of the chamber. Another correction factor, k pol , accounts for the polarity effect which is in most cases due to capture by the IC-collecting electrode of some of the primary electrons. If such captured electrons are not balanced by ejection of recoil electrons from the collecting electrode, some additional charge may be added or subtracted from the true ionization signal, depending on the polarity of the supply voltage of the chamber.
The degree of saturation of the ionization current in ionization chambers exposed to radiation of different quality is related to several physical processes of which initial and volume recombination are considered to be the most important. 2 Initial recombination, due to recombination of ions along tracks of individual charged particles, can be assumed to be independent of the ionization current and to be inversely proportional to ionization density along the track, and thus to depend on the energy spectrum of the beam. 3 Volume recombination, due to diffusion and electrostatic attraction of charge carriers distributed homogeneously within the volume where ionization occurs, is believed to depend on the dose rate, on the geometry of the chamber and on the applied chamber voltage. 2, 4 Determination of the value of the ion recombination factor k s is complex, as the response of an ionization chamber exposed to continuous, pulsed or pulsedscanned radiation beams, may differ. For each of these situations, a different theoretical model is required, since temporal aspects of charge production and charge collection within a chamber vary, depending on the temporal structure of the beam. A method of graphically evaluating the effect of recombination is based on measurement of charge at different values of the chamber supply voltage. Next, the variation of the inverse of the response of the ionization chamber is studied as a function of the inverse polarizing voltage applied to the ionization chamber (Jaff e plot 5 ) and its squared value for a pulsed beam and continuous beam, respectively. The value of k s is then obtained by extrapolation of such plotted dependences, typically linear ones, to the highest polarizing voltages (i.e., to U À1 % 0). To reduce the burden of such measurements, Boag and Currant developed the "two-voltage" technique for determining the value of k s in a chamber exposed to pulsed radiation. 6 Subsequently, Almond,
and Attix 9 applied this "two-voltage" technique to continuous radiation beams and to pulsed-scanning electron beams. The "two-voltage" method (TVM), currently the most widespread, requires the charge to be measured at normal operating voltage of the chamber and at some lower voltage. The value of k s is then determined from the ratios of voltages and charges.
A large number of publications have been devoted to evaluating and verifying the response of ionization chambers due to recombination effects in photon and electron beams produced by pulsed medical accelerators. Havercroft and Klevenhagen 10 studied the collection efficiency of some frequently used ionization chambers in high-energy electron and photon fields. In such fields, the effect of recombination in plane-parallel chambers is less pronounced than that in thimble chambers, particularly for pulsed beams, where k s ranged between 0.2% and 0.4%. Burns 13 developed a model of volume ion recombination for a helical tomotherapy, which can be applied "to any form of IMRT where the irradiation of the chamber geometry is instantaneously inhomogeneous and time-dependent". The effects of time-dependent and partial irradiation conditions encountered in IMRT are similar to those encountered in scanned proton beams.
Some experimental data on the effects of recombination in beams of protons or heavier ions have also been reported in the literature. Kanai et al. 3 studied the ion LET (Linear Energy Transfer) dependence of initial recombination in a plane-parallel ionization chamber exposed to carbon, neon, argon, and iron beams by measuring ion collection efficiency for several gas fillings of that chamber. A linear relationship between the inverse of the ratio of the charge to the saturated charge and the inverse of the electric field in the region below 0.002 V À1 cm was found. The slope of the linear fit was also found to increase with increasing LET of the heavy ions. Following studies at different IC configurations and different measurement conditions, several authors (Siebers et al., 14 Vatnitsky et al., 15 Palmans et al., 16 Hartmann et al. 17 ) have concluded that for investigated experiment parameters and beam qualities the recombination effect was negligible, hence the k s values are expected to be small or to be ignored in IC dosimetry of proton and heavy ion beams. Palmans et al., 18 following the recommendations of the TRS-398 protocol, found that the k s factor values for plane-parallel ICs in Co-60 calibration beams and in a 75 MeV proton beam did not exceed 0.2%. In all chambers studied, the polarity correction factors were found to be 1.0, within 0.1% in calibration beams, and within 0.2% in proton beams. Palmans et al. 19 have also investigated the k s factor in an IC used for absolute dosimetry of low-energy modulated and nonmodulated proton beams. For clinically applied proton beams, at a typical dose rate of 26 Gy/min, the k s factor value was found to be 0.8%. Therefore, Palmans et al. 19 concluded that for proton beams used for treating ocular targets (usually operating at high dose rates), the recombination correction factor can be overestimated by up to 2% if the recommendation from TRS-398 is followed without consideration. Lorin et al. 20 showed that the signal from a thimble chamber should be corrected when evaluating a scanning proton beam. They also noted that although the beam pulse length was in their case comparable to the ion transition time, the beam could still be considered as a continuous one if the voltage applied to the chamber was high enough. Thus, the two-voltage formula applicable to a continuous beam could also, under some conditions, be applied in a scanned beam. Notably, there has recently been an increased interest in studying ion recombination effects in ionization chambers exposed to beams of protons or heavier ions. At the time of this work, several new publications devoted to ion recombination correction in ionization chambers have appeared in the literature. [21] [22] [23] [24] [25] [26] In the case of an active scanning beam, the dose rate in single proton pencil beams may be much higher than that in clinical photon and electron beams, or that observed in typical continuous dose rate proton beams used in ocular radiotherapy (0.43 Gy/s). 19 Since a single beamlet can within a few milliseconds deposit a dose of 2 Gy over its Bragg peak region, the maximum local dose rate may exceed hundreds of Gy/s. In such conditions, we may expect the corrections for volume ion recombination effects to be substantial.
In this work, we systematically evaluated the recombination and polarity correction factors for a plane-parallel Markus chamber exposed to pencil scanning proton beams of energies ranging between 30 and 230 MeV. Due to its small dimension, the Markus IC is well suited for measurements over steep dose gradients, such as those encountered over the Bragg Peak region. We determined the values of k s factors using data collected at different polarizing voltages (extrapolation method) and also by means of the Two-Voltage Method. We compared our experimental results with those obtained from theoretical calculations. We also studied the ion recombination effect in regular uniformly irradiated volumes of various depths formed by our therapy planning system.
MATERIALS AND METHODS

2.A. The cyclotron and its beam structure
The proton radiotherapy Cyclotron Centre Bronowice (CCB) is equipped with an isochronous cyclotron -the Proteus-235 (Ion Beam Applications, IBA, Belgium), which accelerates protons to a maximum energy of 230 MeV. This cyclotron has an energy selector system to smoothly adjust the beam energy over the range 230-70 MeV. It must be borne in mind that as the energy of the proton PBS decreases, beam scattering increases, which affects the shape and size of the beam. The intensity of the beam current varies between 500 nA at 230 MeV and about 2 nA at 70 MeV. Due to the operation of our energy selector system, as the beam energy decreases, so does the proton fluence. The proton density distribution in a single beamlet also changes. For these reasons, to deliver the same dose at low energies, due to the lower intensity of the beam, the time over which a single beamlet is delivered has to increase.
As noted earlier, ion recombination in the ionization chamber depends on the temporal structure of the beam, as described by the relationship between the duration of the beam pulse (t beam ) and the ion collection time in the IC (t IC ). According to Boag's theory, 2 if t beam is much larger than t IC , the beam may be considered as being continuous. For the beam to be pulsed or pulsed-scanned, t beam must be short compared to t IC and the time between pulses must be long compared to t IC . Other possible intermediate conditions have been described by Lorin et al. 20 The Proteus-235 beam pulses consist of 0.8 ns micro-pulses separated by 10 ns intervals. PBS irradiation is performed using the spot scanning technique, whereby the proton beam at a given depth, as defined by the entrance energy, is magnetically scanned across a plane perpendicular to the direction of the beam. The beam is delivered in macro-pulses called "spots". The time over which a single spot is delivered ranges between 5 and 20 ms. The ion collection time for the Markus TM23343 IC is 90 ls, which is much shorter than the time over which a single spot is delivered, therefore we may consider the CCB PBS to be a continuous beam.
2.B. The ionization chamber
Measurements were performed using a plane-parallel, airvented Markus-type ionization chamber (model TM23343, PTW-Freiburg). The nominal volume of this type of IC is 0.055 cm 3 , the diameter of its collecting electrode is 5.3 mm and the distance between electrodes is 2 mm. The nominal voltage (+300 V) is the normal operating voltage for this type of chamber. The chamber was connected to an electrometer (radiotherapy reference class device), model Unidos Webline (PTW-Freiburg, type 10021).
2.C. Measurement methods
2.C.1. Experimental setup for measuring k s in a planar field using mono-energetic PBS
All measurements were performed in a water phantom (BluePhantom 2 , IBA-Dosimetry) using vertical beam geometry. The chamber was positioned at the initial plateau of the Bragg Peak, at a depth of 2 cm below water surface, at the center of the scanned 10 cm 9 10 cm field plane and at the gantry isocenter. Each irradiation plan consisted of 1681 elements with 1 MU per spot. The spot spacing was set at 2.5 mm. Measurements were performed over energy layers between 30 and 226 MeV, in 10 MeV energy steps and with spot sizes (1r) ranging between 6 and 2.7 mm. To decrease the energy of PBS below 70 MeV a range shifter mounted at the entrance of the gantry nozzle, was used. At beam energies below 70 MeV, the position of the chamber reference point was changed to 0.3 cm. Verification of dose uniformity over a single field was performed with a scintillation detector (Lynx PT, IBA-Dosimetry). In all cases, 5% homogeneity of the field over the region of interest was maintained.
2.C.2. Experimental setup for measuring k s in regular volumes using range-modulated PBS
Measurements were performed in a water phantom (BluePhantom 2 , IBA-Dosimetry), using vertical beam geometry, for plans with uniform dose distribution formed in regular 10 9 10 cm 2 square field volumes of various depths obtained by selecting various beam ranges (R) and modulation depths (M). In some measurements, a range shifter was also used. Proton pencil scanning beam ranges varied between 2.5 and 27.5 g/cm 2 , and modulations between 2.5 and 25 cm. The respective treatment plans were prepared in the Eclipse Treatment Planning System v.13.6 (TPS, Varian Medical System) with or without the use of a range shifter. The assigned dose for every plan was 2 Gy. The chamber was positioned at the center of each regular volume and at the gantry isocenter.
2.C.3. Evaluation of k s using the extrapolation method
To determine the value of k s saturation curves, i.e., the ionization as a function of the applied voltage, were measured at different dose rates. The value of k s was then established by plotting the inverse of the collected charge (Q c ) versus the inverse value of the polarizing voltage (U) and the inverse of the Q c value versus the inverse square value of the polarizing voltage (U 2 ). All such plots were created for the Markus IC over a range of initial beam energies. The chamber readings were recorded at applied voltages ranging between 50 and 400 V.
For the Jaff e plots (i.e., plots of 1/Q c vs. 1/U), a seconddegree polynomial was fitted to experimental points over the inverse voltage range between 0.02 and 0.0025 V À1 at beam energies between 120 and 225 MeV, except for the 70 MeV beam where the range was between 0.02 and 0.004 V
À1
. Linear fits were applied to 1/Q c vs. 1/U 2 data points over the same voltage and beam energy ranges. For the 225 MeV beam, the experimental point at 150 V was not used in fitting the polynomial or linear dependencies. The value of the saturation charge (Q sat ) was then obtained by extrapolation of each of these fitted dependences to zero values of 1/U or 1/U 2 , respectively. The value of 1/Q c at each of the investigated voltages was obtained using interpolation (or extrapolation) from these polynomial or linear fits. Finally, the ion recombination correction factor at each energy was calculated by dividing the value of 1/Q c at the voltage U by the respective value of 1/Q sat . The values of best-fitted parameters used in this study have been provided in Tables S1 and S2.
2.C.4. Evaluation of k s using the Two-Voltage Method
The TRS-398 protocol recommends the Two-Voltage Method (TVM) for determining the value of the k s factor. However, this method is valid only if the chamber is operated at a polarizing voltage where linearity of the IC response is maintained. Assuming the ion recombination effect is dominated by volume recombination, evaluation of k s was based on the respective TRS-398 formulae 1 for a continuous beam:
where Q 1 and Q 2 are the measured values of charge at the collecting voltages V 1 and V 2 , respectively.
Following TRS-398 recommendations, 1 the voltage ratio V 1 /V 2 used in the measurement reported here was 3 (300 V/ 100 V). Charge measurements were performed at two supply voltages: 300 and 100 V.
2.C.5. Evaluation of k s using Boag's analytical formula
Based on the conclusion of Palmans et al., 19 that a cyclotron proton beam should be treated as a purely continuous beam, and assuming that this also applies to a scanned beam, the k s value was calculated according to the formula derived from Boag's theoretical model: 4, 19, 27, 28 
where m 2 is a parameter representing volume recombination, as given by Boutillon et al., 27 d is the electrode spacing, v is the volume of the ionization chamber, I sat is the ionization current, and V is the chamber voltage. The parameter m 2 is a property of the gas in the cavity and it value depends on the recombination coefficient and on the mobility of negative and positive ions in the gas. Equation 2 is a first order approximation, valid only if k s is close to unity, i.e., if recombination effects are small.
To calculate the value of k s from Eq. 2, the saturation ionization current needs to be known. As the value of I sat is proportional to the dose rate, the expected value of the I sat was calculated as follows:
where _ D air eff is the mean effective dose rate in air, determined for all spots contributing to the dose in the chamber, q is the density of air in the IC volume (its value was determined for measurement conditions) and W air =e is the mean energy required for beam particles to produce an electron-ion pair in dry air. The values of the parameters used in this study are summarized in Tables I and II. In order to calculate the value of I sat , the value of _ D air eff must be known. In the particular case of our pencil scanning beam, estimation of the effective dose rate was based on the knowledge of the dose delivered by each spot, and of the duration of single spot delivery. Knowing these two values, we were able to calculate the dose rate per spot (DRPS) and next, knowing the DRPS contribution to the total dose rate, to estimate the effective dose rate (Eq. 6). This approach was supported by a Monte Carlo simulation of our spot delivery.
2.D. Monte Carlo simulation of the spot contribution to the dose
The dose per spot was estimated for three energies of the PBS: 70, 150, and 225 MeV. Calculations of the contribution of each spot to the total signal measured by the chamber were preceded by a measurement (in Gy), of the integrated absorbed dose in water, D w;Q . A calibrated IC, and the experimental setup described in Section 2.C.1 were applied in these measurements. The value of D w;Q for the entire field was calculated by multiplying the measured ionization charge (corrected for temperature and pressure and for ion recombination) by the calibration factor, N D;w;Q 0 , and beam quality correction factor, k Q;Q 0 . Then, the values of the total dose in water per primary proton, D sum w , and the spot dose in water per primary proton, d spot w ðx i ; y j Þ, at each spot configuration for given irradiation plans, were estimated by MC simulation which reproduced the experimental geometry and the CCB PBS beam characteristics. For simulation purposes, a reliable CCB beam model was used, developed at the commissioning stage of our facility, and crosschecked against depth-dose and lateral entrance dose distributions, measured in water. The FLUKA Monte Carlo code v.2011.2 29, 30 was used, with default HADROTHE(rapy) card settings, and with mean excitation energy set to 80 eV. 31 No additional equipment, such as the beam line or nozzle, was included. The proton pencil beam was set up with a Gaussian energy spread, single Gaussian spot shape (spatial distribution) and zero divergence.
The contribution of each spot to the response of the Markus chamber was calculated according to Eq. 4, where d were calculated by MC simulation and MU was the mean value of the number of Monitor Units (MU) delivered.
Knowing the contribution, per MU, of each spot to the dose measured by the Markus IC, the mean value of the dose rate in water for each spot, per MU, in the scanned field was calculated as follows:
Here, D w;Q is the mean value of the integrated absorbed dose in water for the entire field. Then, following the suggestion of Palmans et al. 19 that the ionization current varies with time, the mean effective dose rate in water, determined for all spots which have contributed to the dose deposited in the IC, is:
Finally, division of the _ D w;eff value by the stopping power ratio water-to-air, yields the value of the mean effective dose rate in air. The values of the mean effective dose rates in air, estimated according to the above-described method, are given in Table II .
The percentage contributions of spot dose to absorbed dose values measured by the IC (normalized to 1 Gy) for energies of the PBS 70, 150, and 225 MeV, are shown in Fig. 1 . It is evident from the images in Fig. 1 that the number of spots which contribute to the dose measured by the chamber decreases with increasing energy of the beam. The difference in these contributions to the dose, as measured by the Markus IC at each energy, is due to the difference in spot sizes -at 70 MeV the spot size is approximately three times larger than that at 225 MeV, spots at lower energies being more spread out radially than those at higher energies. Results obtained from MC simulation in combination with experimental data confirmed one of the most important properties of the IBA therapy system based on the Proteus-235 cyclotron, namely that the dose rate of the proton pencil scanning beam depends on the energy of the beam due to changes in the beam current and to the time of delivery of a single beamlet. It will later be shown (viz. paragraph 3) that this increase of dose rate with energy for the IBA Proteus C-235 therapy system results in higher values of recombination factors as the beam energy increases.
2.E. Evaluation of the polarity effect correction factor, k pol
When commissioning a new ionization chamber, its polarity effect should be verified. If on reversing its supply voltage, the response of the chamber to a charged particle beam is found to differ, signifying a measurable polarity effect, the mean of the two values of the readings taken at either IC polarity should be taken as the corrected reading of chamber. According to the TRS-398 protocol 1 , the k pol correction factor should be calculated as follows:
where Q + and Q -are the measured values of charge at the positive and negative polarity, respectively, and Q is the charge obtained with the polarity used routinely (positive or negative).
To determine the polarity effect, the response of the Markus IC was repeatedly measured at supply voltages of 300 and À300 V at all energies of the CCB proton beam considered. When switching the polarizing voltage to À300 V, the dosimetry setup was given at least 1 hr to achieve equilibrium conditions.
2.F. Estimation of uncertainty
The mean values of ionization charge (corrected for ambient conditions) derived from at least three measurements were used to plot the inverse of the values of the ionization charge as functions of 1/U or 1/U 2 and to calculate the value of k pol and k s using Eq. (7) and the TVM, respectively. Values of relative type A uncertainty (standard deviation of the mean) of charge did not exceed 0.2%, but in most cases ranged between 0.03% and 0.1%. As the sample size (n) used in this study was small, the Student's t-distribution with t values equals 6.965 for n = 2 at a confidence level of 98% was used to expand the standard uncertainty of the mean value of the measured charge As may be seen in Fig. 2(b) , small deviations from linearity are apparent at voltages above 300 V at all beam energies. For the 70 MeV beam, this nonlinearity is more pronounced and for this reason both fits (by second-degree polynomial and linear) were applied over the voltage range between 0.02 V À1 (50 V) and 0.004 V À1 (250 V). If the fit over the whole voltage range were carried out, values of k s of less than unity would obtain, an unacceptable result. It is also clear from Figs. 2(a) and 2(b) that inclusion of the experimental point at 150 V for the 225 MeV beam significantly distorts both fitted curves. It was therefore decided to treat that result as an outlier and exclude the 150 V value from curve-fitting. The deviation from linearity observed at operating voltages ranging between 300 and 400 V may indicate that over that voltage range charge multiplication cannot be ignored. This leads to a potentially inaccurate evaluation of the k s resulting from TVM. As, in our measurement conditions, these curves are similar at all beam energies, the effect of initial recombination is negligible. At voltages exceeding 250 V, linearity of the saturation curve is observed. At lower voltages, the value of k s increases rapidly, requiring nonlinear terms to describe the data, as also noted by Rossomme et al. 23 As seen in Fig. 3 , values of k s factors obtained from the polynomial fit are slightly higher than those from the linear fit. It appears that the difference between the values of k s obtained from linear or polynomial fits is due to better alignment of the fitted curves with the points being fitted in the latter case. This is understandable as more free parameters are then involved. This demonstrates, as also discussed by Rossomme et al., 23 that the extrapolated value of saturated charge is sensitive to any fluctuations between data points and/or of the extreme data points (in our case, at the highest voltages for 70 MeV beam), which is a general disadvantage of the extrapolation methods. Therefore, to minimize the effect of changes in the sensitivity of the chamber, fits to data points for each curve should be carried out over the largest possible range.
3.B. The two-voltage method
Since Jaff e plot measurements of the k s value are laborious and time-consuming, an additional experiment was performed to obtain the k s values over the whole range of clinically applied energies of the PBS, using the Two-Voltage Method. The values of k s for the Markus TM23343 IC calculated according to the continuous beam formula (Eq. 1) for the voltage ratio of 3 are presented in Fig. 4 .
The TVM measurements of the k s factor, shown in Fig. 4 , demonstrate that the measured values of k s increase, approximately as a quadratic function of the energy of the PBS, with increasing energy of the beam (k s = 1.0007 AE 0.03% at 30 MeV and k s = 1.0065 AE 0.19% at 226 MeV). Noting that the Proteus-235 energy selector operates via variation of absorber thickness, the dose rate of the beam increases with increasing energy of the beam (cf. paragraph 2.A). Therefore, the energy dependence of k s shown in Fig. 4 is in fact due to enhancement of volume recombination with increasing dose rate at higher proton beam energies. Considering the differential Dk s = k s -1 and the mean effective dose rate in air, as estimated in paragraph 2.D, we obtain that the ratio Dk s = _ D air eff equals 0.00042, 0.00041 and 0.00040 for the 70 MeV beam at 1.18 Gy/s, 150 MeV at 6.57 Gy/s, and 225 MeV at 13.40 Gy/s, respectively. Thus, the ratio Dk s = _ D air eff is constant at the higher dose rates, which is consistent Eq. 3, where the saturation current is proportional to the dose rate.
3.C. Comparison of the determined values of k s
In Fig. 2(b) , it may be seen from the plots that the normalized inverse values of the chamber readings vary linearly with 1/U 2 demonstrating that Boag's theory for continuous beam can be also applied to our scanning beam, hence the Two-Voltage Method (TVM) may be used to determine the values of k s over the investigated range of pencil beam energies. Figure 5 presents values of the volume recombination correction factor k s determined by various methods, obtained for a Markus TM23343 IC operated at 300 V (the nominal operating voltage of the IC), exposed to scanning proton beams of energies 70, 120, 150, 180, and 225 MeV.
From Fig. 5 one concludes that the relative difference of the k s value determined from the extrapolation methods and according to the formula for a continuous beam (Eq. 2) varies between 0.03% and 0.3%. However, the latter value is related to the highest dose rate of the beam for which the k s value obtained from a polynomial fit might be somewhat overestimated.
Comparison of the values of the k s factor for the 70 MeV beam obtained from TVM presented in Fig. 4 (k s = 1.0018) and Fig. 5 (k s = 0.9997, data used to calculate this k s values by TVM are those taken from Jaff e plot measurements) indicates that the first one might be overestimated. An explanation for the observed discrepancy between these two values of k s factor for the 70 MeV beam can be found in measurement data and is also seen in Fig. 2(b) . The TVM is valid only if the chamber is operated at a polarizing voltage at which linearity of the IC response is maintained. On closer inspection of Fig. 2(b) for the 70 MeV beam, one notes however that the data points corresponding to the charge measured at polarizing voltages between 300 and 400 V considerably deviate from linearity as a function 1/U 2 , thus the assumptions related to the TVM are no longer valid. This deviation from linearity might be caused by the effect of charge multiplication which may occur if the polarizing voltage applied to the chamber is too high. Since the assumption of linearity between 300 and 100 V does not hold, calculation of the k s value according to the TVM for voltage ratio of three results in over-or underestimation of the k s value for 70 MeV. Thus, care must be exercised if TVM is to be used to calculate the values of ion recombination correction factors -not only as the k s value may then be underestimated (as already pointed out by Palmans et al. 19 ) but also due to assuming linearity in 1/U 2 in a continuous scanning beam. It is not that such an assumption is incorrect. We only stress that the range of this linearity should be experimentally verified before applying the TVM method to investigate the volume recombination effect.
Comparison of the results of our measurements and calculations of values of factor k s , as determined by various methods, indicates that they are comparable and consistent within their estimated measurement uncertainty ranges. increasing dose rate at higher proton energies, which is specific to the Proteus-235-based proton PBS.
3.D. Determination of k s factors in uniform dose distributions within regular volumes
The TVM for a continuous beam (Eq. 1) was applied to determine the values of k s in plans in which a uniform dose distribution was achieved in regular (10 9 10 cm 2 field) volumes of different thickness, as obtained using different ranges (R) and modulation depths (M) of pencil scanning proton beams. The values of k s evaluated for such plans, with or without a range shifter, are presented in Fig. 6 . The mean values of k s for plans with or without a range shifter are 1.0013 (0.02%) and 1.0024 (0.05%), respectively.
When verifying a patient treatment plan, IC measurements of absorbed dose are required in the region of homogeneous dose distribution. The signal measured by the ionization chamber then results from averaged contributions from hundreds of spots deposited over dozens of layers, each of the plan layers corresponding to a different energy range of the scanning proton beam. As shown in Fig. 6 , the overall effect of ion recombination in the Markus IC placed in a homogeneous field (i.e., centrally in a defined regular volume) depends on the range and modulation of pencil beam scanning. As expected, in plans with uniform dose distributions over regular volumes (Fig. 6) , the observed effect of ion recombination is significantly smaller than that in mono-energetic layers (Fig. 4) , because ion recombination effects are in the first case due to spots delivered at various PBS dose rates, following their various energy dependences of mass electronic stopping power of protons in air. Under such conditions, we found that corrections for ion recombination did not exceed 0.4% and 0.2% for plans with or without range shifter, respectively. Within their measurement uncertainty ranges, the estimated values of k s factor are well represented by their average values. Application of an average value of the k s factor results in a maximum difference of 0.1% between the k s values measured in specific range shifter, range and modulation setups, remaining within k s measurement uncertainty ranges. Since the determination of the k s factor for each treatment plan would require additional measurements, which is unrealistic in routine clinical work, application of an average value of k s for plans with or without a range shifter, respectively appears to be fully justified.
3.E. The polarity correction factor, k pol
The results of measurements of the polarity coefficient k pol as a function of proton beam energy are shown in Fig. 7 .
Our evaluations of the polarity coefficient k pol for the Markus TM23343IC over the proton PBS energy range 70-226 MeV justify the assumption of k pol = 1 over this energy range, within experimental uncertainty of these measurements. Therefore, at least for our scanning proton beam system at CCB, the polarity correction factors are not significant and do not depend on the energy (nor on the dose rate) of the proton beam.
SUMMARY AND CONCLUSIONS
Results of our study performed using the Proteus-235-based proton PBS at the proton radiotherapy Cyclotron Centre Bronowice (CCB) and the Markus TM23343 Ionization Chamber are relevant to users of similar instrumentation. Since in such proton pencil beam scanning systems local dose rates can exceed by up to three orders of magnitude dose rates typical of conventional MV external radiotherapy beams, we studied in some detail the effects of ion recombination and polarity in a plane-parallel, air-vented IC under such conditions. By aiding our direct IC measurements with MC simulations, we estimated that mean effective dose rates in air, in the described conditions, are about 1.18 Gy/s at 70 MeV, 6.57 Gy/s at 150 MeV, and 13.40 Gy/s at 225 MeV beam energies. At the high dose rates of the proton scanning beam used in this study, the recombination corrections are substantial and cannot be neglected. For the proton scanning beam generated by the Proteus-235 system, ion recombination factors are dominated by volume recombination; therefore, the contribution of initial recombination was not considered.
We showed that our CCB beam may be treated as a continuous beam with respect to ion recombination. From results presented in Fig. 3 , and in the Table S3 and Figs. S1-S4 given in supplementary material, we note that values of k s determined from extrapolation methods and by TVM are somewhat dependent on the applied voltage (over the range 50-400 V) and on the applied ratios of voltages (see Table S3 ), respectively. We also demonstrated that in our PBS system the ion recombination correction factor k s value increases with the energy of the beam. In the Markus IC, model TM23343, the value of k s , as obtained from TVM, reaches 0.65% at the highest beam energy of 226 MeV.
To correctly configure the beam model in TPS, the k s correction factor should be experimentally verified over the whole range of clinically used energies of the PBS applied in the TPS. Assumption of the value of k s being constant over the whole beam energy range, as made by Goma, 32 might not be generally correct for measurements performed over plateau regions of mono-energetic beams.
We also investigated the importance of ion recombination effects in verifying patient treatment plans. Plans with uniform dose distribution in regular volumes using various ranges and modulations of the PBS were implemented to evaluate the k s correction factor for the Markus chamber. We found that small ion recombination corrections depended on the selected ranges and modulation depths of the PBS, varying between 1.0010 and 1.0016 for plans with a range shifter and between 1.0010 and 1.0035 for plans without a range shifter. Considering that determination of the k s correction factor for every patient treatment plan is unrealistic, selection of respective average values of k s for plans with or without a range shifter, is a reasonable decision.
The polarity correction factors for the Markus TM23343 IC were found to fall within 0.2% of unity and are not significant in our scanning proton beam system. In contrast to the ion recombination correction factor, the k pol factor does not depend on the energy (nor dose rate) of the proton beam.
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